The abundance and composition of the coarse-sand fraction (250 µm-2 mm) of samples from Deep Sea Drilling Project Sites 579 and 580 were investigated to determine the chronology of ice rafting at these locations.
INTRODUCTION
A series of studies of the coarse-sediment fraction (>63 µm) from a number of Deep Sea Drilling Project (DSDP) sites and piston cores (Griggs and Kulm, 1969; Conolly and Ewing, 1970; Kent et al., 1971; von Huene et al., 1973 von Huene et al., , 1976 have outlined in some detail the lateral and temporal distribution of ice-rafted debris (IRD) in the North Pacific Ocean. These studies have used the abundance of a particular sand-size fraction as an indicator of the relative importance of transport via ice-rafting at the time of deposition (see the Methods section). Downcore variations in the abundance of that size fraction, and therefore in the importance of ice rafting, were interpreted as indicators of general hemispheric climatic conditions. Increases in the abundance of IRD indicate times of continental glaciation, whereas decreases in IRD abundance reflect periods of climatic warming. In addition, IRD composition was determined qualitatively to reveal sediment source areas; these data were used to outline paleoceanographic circulation patterns.
Of direct importance to this study are the works of Conolly and Ewing (1970) and Kent et al. (1971) . Conolly and Ewing (1970) used coarse-fraction data from 22 Vema piston cores to delineate the horizontal and vertical distribution of IRD in the northwest Pacific Ocean.
In these samples, the first IRD is younger than approximately 2.2 m.y.; IRD becomes common in sediments younger than 1.5 m.y. and abundant in horizons younger than 1.0 m.y. Up to six major IRD zones occur within the Brunhes Normal Epoch (Conolly and Ewing, 1970) , but limited magnetostratigraphic control prevented the development of a more detailed IRD chronoloεv. Horizontal distribution and composition of the IRD suggests source areas in the Kurile-Kamchatka-Aleutian arc, with dispersal by a Pleistocene current system similar to the one now in existence (Fig. 1) .
Coarse-fraction samples from three of the Vema cores studied by Conolly and Ewing (1970) , three additional Vema cores, and three Robert Conrad cores were investigated further by Kent et al. (1971) . In combination with detailed paleomagnetic, biostratigraphic, and tephrochronologic age control, IRD abundances in these cores were converted into a generalized chronology of relative ice-rafting importance in the North Pacific. Four periods of increased rafting were identified between 1.2 and 2.5 m.y. ago, whereas at least 11 such intervals were identified from 1.2 m.y. ago to the present. Included in these 11 are the 6 IRD-rich zones identified by Conolly and Ewing (1970) .
More recent studies of ice-rafting in the North Pacific have concentrated on sediments obtained during DSDP Leg 18 at Sites 178, 179, 180, and 183 in the Gulf of Alaska (von Huene et al., 1973 (von Huene et al., , 1976 . Age control for these samples was very good, but the establishment of an ice-rafting chronology was hampered by core recovery of less than 50% of the drilled sections (von Huene et al., 1976) . As a result, the major conclusions of von Huene et al. (1973) were that (1) the coarse-sand fraction (250 µm-2 mm) is ice transported in origin and (2) the duration of periods of ice erratic influx is approximately 10,000 to 20,000 yr. Further work with these data, in conjunction with data from one of the Vema cores, allowed the generation of an IRD chronology curve for the past 300,000 yr. in the Gulf of Alaska (von Huene et al., 1976) ; this curve showed a positive correspondence with variations in other Northern Hemisphere climatic indicators during the same period. In summary, the studies outlined above have: 1. Concluded that abundances of continentally derived sand-sized material in deep-sea sediments of the North Pacific do indicate relative importance of transport via ice rafting at the time of deposition, 2. Concluded that the coarse-sand fraction (250 µm-2 mm) is transported predominantly by icebergs (at least near source areas, e.g., the Gulf of Alaska), 3. Established a generalized chronology of IRD abundance for the North Pacific which can be interpreted as a climatic record back to approximately 2.5 m.y. ago, and 4. Concluded that general paleocirculation patterns in the North Pacific have been relatively constant from at least the Pleistocene to the present.
Additional sediments with a potential North Pacific IRD signal were recovered during DSDP Leg 86. As shown in Figure 1 , Sites 579 and 580 were located within the zone of "rare" IRD occurrence as outlined by Conolly and Ewing (1970) . However, the high recovery rate (86-94% at Site 579, 91% at Site 580; see Site 579 and Site 580 chapters, this volume) of relatively undisturbed sediments with the hydraulic piston corer (HPC), combined with detailed paleomagnetic and biostratigraphic age control, suggested that the IRD signal, although weak, should be discernible at these sites. As a result, this study was undertaken with two major objectives. The first objective was to determine the temporal abundance of IRD in sediments recovered at Sites 579 and 580, in order to establish an IRD chronology for the northwest Pacific Ocean. This chronology was then compared to the generalized North Pacific chronology of ice-rafting influence published by Kent et al. (1971) ; the two chronologies generally show synchronous variations, although the signal from Sites 579 and 580 is less complete because of increased transport distance. The second objective was to evaluate the use of the coarse sand (250 µm-2 mm) weight percent as an indicator of IRD abundance. Although this approach may be valid near IRD source areas (i.e.j the Gulf of Alaska; von Huene et al., 1973) , our data suggest that such an assumption may not be valid near the boundaries of ice-rafting influence.
METHODS AND ANALYSES
Samples were taken for IRD analysis at intervals of approximately 100 cm, from Cores 1 through 12 at Site 579 and from Cores 1 through 17 at Site 580. A total of 121 samples from Site 579 were analyzed, and 142 samples from Site 580 were analyzed. On the basis of sedimentation rates of 40 to 50 m/m.y. (see Site 579 and Site 580 chapters, this volume), the sampling interval is estimated at approximately 20,000 yr. (Table 1 ). This interval is equivalent to that used by Conolly and Ewing (1970) and Kent et al. (1971) . Because of the 20,000-yr. sampling interval, these data are not suitable for the examination of high-frequency climatic fluctuations; they are valuable, however, in delineating major, long-term changes.
In order to be most consistent with previous investigations, the 250 µm-2 mm grain-size interval was chosen as the indicator of IRD abundance in sediments from Sites 579 and 580 (Table 1) . Samples were dried at 60°C, weighed, disaggregated ultrasonically, and wet-sieved at 2 mm and 250 µm. The 250 µm-2 mm grain-diameter fraction was then dried, weighed, and examined under a binocular microscope to determine qualitatively the abundances of various sediment components. The grains were classified as biogenic (predominantly radiolarians), volcanic, or ice rafted in origin on the basis of appearance and gross surface texture. Several samples from Site 580 were not successfully dispersed by the ultrasonic technique following initial weighing, so an additional group of undisaggregated particles ("mudballs") was also recognized. A major problem in classifying grains was the discrimination of pumice grains transported solely by wind from those transported by a combination of wind and ice. In this study, the occurrence of pumice independent of other IRD grains, the fresh appearance of the pumice grains, and the location of these sites several hundred kilometers downwind from a major volcanic chain all support an interpretation of direct eolian transport for most of the pumice grains observed at Sites 579 and 580. As a result, the coarse sands were subdivided into biogenic, volcanic, ice-rafted, and undisaggregated components. Compositionally, grains classified as IRD included quartz, feldspar, and lithic fragments of mudstones, granite, andesite, and basalt.
RESULTS AND DISCUSSION
The coarse-sand fraction abundance and compositional data are tabulated in the Appendix. Porosity and bulkdensity data for these samples are given elsewhere in this Kent et al. (1971) von Huene et al. (1973) von Huene et al. (1976) This study volume (see Site 579 and Site 580 chapters and Schultheiss, this volume). Relative abundance data for the coarse-sand fraction (wt.% in the 250 µm-2 mm interval) in samples from Sites 579 and 580 are plotted in Figure 2 as a function of sub-bottom depth. Values from Site 579 range from 0 to 6.5% with an average of 0.12%; values from Site 580 range from 0 to 1.18%, with an average of 0.15%. The patterns of coarse-fraction abundance are fairly irregular in both cases, with many highs and lows defined by single data points. Several general observations, however, can be made:
1. Above-average coarse-fraction abundances at Site 579 are most common between 10 and 28 m sub-bottom, with other major abundance peaks at 42 m, 67-76 m, and 87-104 m sub-bottom.
2. Coarse-fraction abundance at Site 579 shows no long-term trend of increase or decrease downcore.
3. Most of the coarse sand sampled at Site 579 is biogenic or volcanic in origin; zones containing IRD occur at 17-25, 42, 61, and possibly 90 m downcore.
4. Within the zones at Site 579 where IRD does occur, the relative importance of the IRD within the coarse fraction generally decreases downcore.
5. Above-average coarse-fraction abundances at Site 580 are most common in the intervals 0-24 m, 37-56 m, 70-90 m, and 102-113 m sub-bottom.
6. Data from Site 580 samples show a long-term decrease in coarse-fraction abundance downcore, interrupted by the shorter intervals of increase listed above.
7. Composition of the coarse fraction changes downcore, from an IRD-biogenic-pumice assemblage above 45 m sub-bottom to a predominantly biogenic-pumiceundisaggregated material assemblage with minor IRD below that level. A major point illustrated by Figure 2 is the predominance of non-IRD grains in the 250 µm-2 mm fraction of these samples. Based on point counts, volcanic pumice and biogenic particles form the majority of grains present (see Appendix). Although this analysis does not consider differences in density between volcanic, biogenic, and ice-rafted particles, the data presented in Figure 2 indicate that many of the samples with abundant coarse sand contain essentially no IRD grains. These results suggest that a detailed study considering coarsesand abundance, mode of particle origin, and particle density will be needed to determine quantitatively the abundance of IRD (measured as wt.% of the sample) in these sediments. The data presently available, however, do indicate that non-ice-transported grains form a significant component of the coarse sands; as such, the conclusion of von Huene et al. (1973) that the weight percent of the 250 µm-2 mm fraction serves as a reliable indicator of ice-rafting importance may not be valid away from the source areas of ice rafting.
By combining the IRD abundance data contained in Figure 2 with the linear sedimentation rates calculated for Sites 579 and 580 from paleomagnetic and biostratigraphic data (see Site 579 and Site 580 chapters and Bleil, this volume), qualitative chronologies of ice-rafting influence at these sites can be constructed. These chronologies are shown in Figure 3 , with the generalized North Pacific chronology of Kent et al. (1971) for comparison. Since the uncertainty of an age assignment increases as the total age increases, discrepancies between chronologies are not unexpected, especially for the older horizons.
Three general conclusions may be drawn from the data presented in Figure 3 . The first conclusion is that the IRD records at Sites 579 and 580 agree well with the generalized ice-rafting curve of Kent et al. (1971) for sediments younger than approximately 1.0 m.y. Within the limits of age determinations based on shipboard paleomagnetic and biostratigraphic data, the times of increased ice-rafting importance at Sites 579 and 580 can be correlated with times of increased rafting in the general North Pacific curve for sediments younger than 1.0 m.y. In fact, the increases at Site 580 reflect the major events of the generalized chronology. The record at Site 579, however, is lower in amplitude and does not correlate quite as well with the general North Pacific chronology for sediments less than 1 m.y. old. A significant loss of information occurs between both the northern North Pacific (where Kent et al. [1971] obtained their data) and Site 580 and between Sites 580 and 579. Such a loss is expected because of increased distance from the proposed IRD source in the Kurile-Kamchatka-Aleutian region. Estimates of the paleopositions of Sites 579 and 580 for the past 1 m.y. suggest a WNW movement of approximately 78 km during this time (Table 2). Backtracking these two sites places Site 579 very close to the boundary between "rare" and "no rafting" regions established by Conolly and Ewing (1970;  Fig. 1 van Andel et al., 1975; Leinen and Heath, 1981; Bleil, this volume). while Site 580 remains well within the region of rare rafting. As a result, the better IRD record upcore at Site 579 may reflect both climatic variations and the change in location of Site 579 through time, while climatic variations are the sole control on the IRD record at Site 580. In summary, the IRD chronologies at Site 579 and 580, for sediments younger than 1.0 m.y., are incomplete relative to the general North Pacific chronology; the chronology at Site 580, however, appears to record the major events that influenced the region.
The second observation about the data in Figure 3 is that the IRD record at Sites 579 and 580 is relatively poor before 1.0 m.y. ago. Fewer IRD increases occur between 1.0 and 2.0 m.y. ago than in the younger sediments, and the peaks in the Site 580 and Site 579 sequences that do occur are generally weaker than the peaks in sequences younger than 1.0 m.y. As such, they may reflect rare or random rafting influence or may be the result of misidentification of detrital grain origin. The generalized North Pacific chronology also indicates a significant decrease in ice-rafting importance at this time; the decrease observed closer to the source by Kent et al. (1971) is synchronous with the major loss of IRD further to the south at Sites 579 and 580. Estimates of paleopositions suggest that Sites 579 and 580 moved WNW from approximately 194 to 78 km away from their present positions during the interval from 2.5 to 1.0 m.y. ago (Table 2) . Backtracking these two sites places Site 579 essentially at the boundary between the "rare" and "no rafting" regions of Conolly and Ewing (1970;  Fig. 1 ), while Site 580 moves close to that boundary. As a result, the decreased IRD signal at Site 579 may reflect both site location and climatic variation controls during this time, while the decreased IRD signal at Site 580 is controlled predominantly by climatic fluctuations. At this point, it is necessary to emphasize again the 20,000-yr. sampling interval for the data. If intervals of IRD influx have a duration of only 10,000 to 20,000 yr. (von Huene et al., 1973) , then short-duration increases may be missed totally by the samples used in this study. In addition, the relatively long sampling period eliminates much of the detail seen throughout the generalized North Pacific curve. The final conclusion based on these data is that ice rafting in the North Pacific began at or before approximately 2.4 to 2.5 m.y. ago. The earliest IRD occurrence at Site 579 is dated at approximately 2.49 m.y. ago using sedimentation-rate data; this horizon can be correlated biostratigraphically (Morley, this volume) with the 2.41 m.y. old IRD-rich horizon at Site 580. Given uncertainties in the sedimentation rates used to determine ages for these samples, these two earliest occurrences may both reflect the ice-rafting increase shown at approximately 2.45 m.y. ago on the general North Pacific curve (Kent et al., 1971) . In fact, the first IRD at Sites 579 and 580 occurs near the Gauss/Matuyama magnetic boundary (see Site 579 and Site 580 chapters, this volume). The paleoposition estimates (Table 2) suggest that Site 579 entered the zone of "rare" ice-rafting (Conolly and Ewing, 1970 ; Fig. 1 ) approximately 2.5 m.y. ago; as a result, the first appearance of IRD at Site 579 at this time may be controlled by either site location, climatic variation, or both. Site 580 entered the zone of "rare" ice rafting prior to 2.5 m.y. ago, however, so that the first appearance of IRD at Site 580 2.5 m.y. ago suggests the importance of climatic variation as the primary control at this time. Similar paleomagnetic ages of first IRD occurrence were reported by Kent et al. (1971) in the North Pacific, and by various investigators in the North Atlantic (Roberts et al., 1982; Shackleton et al., 1982; Schnitker, 1982) . For these reasons, the first occurrence of IRD at Sites 579 and 580 appears to reflect a climatic, rather than a site paleoposition, control; as such, these data support a conclusion, also based on North Pacific ice-rafting data, that the onset of major Northern Hemisphere glaciation took place approximately 2.47 m.y. ago (the time of the Matuyama/Gauss reversal boundary; Rea and Schrader, in press ).
CONCLUSIONS
On the basis of the abundance and composition of the 250 µm-2 mm size fraction in samples from Sites 579 and 580, the following conclusions can be reached:
1. The records of ice rafting at Sites 579 and 580 reflect the major variations in ice-rafting importance observed elsewhere in the North Pacific. These variations include both a long-term increase in ice-rafting importance as sediment age decreases and eight short-term increases between 1.0 m.y. ago and the present. The lessdetailed nature of the record is a result of the long distance from the ice-rafting source areas to Sites 579 and 580.
2. Biostratigraphic and paleomagnetic data place the first occurrence of ice-rafted debris at Sites 579 and 580 at the Matuyama/Gauss reversal boundary (approximately 2.47 m.y. ago). Similar ages of first IRD occurrence have been reported in the North Atlantic and elsewhere in the North Pacific. These data support a proposed age of approximately 2.47 m.y. for the onset of major Northern Hemisphere glaciation (Rea and Schrader, in press) .
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